Objective: In this study, we analyzed the fatty acid profile of brains and plasma from male and female mice fed chow or a western-style high fat diet (WD) for 16 weeks to determine if males and females process fatty acids differently. Based on the differences in fatty acids observed in vivo, we performed in vitro experiments on N43 hypothalamic neuronal cells to begin to elucidate how the fatty acid milieu may impact brain inflammation. Methods: Using a comprehensive mass spectrometry fatty acid analysis, which includes a profile for 52 different fatty acid isomers, we assayed the plasma and brain fatty acid composition of age-matched male and female mice maintained on chow or a WD. Additionally, using the same techniques, we determined the fatty acid composition of N43 hypothalamic cells following exposure to palmitic and linoleic acid, alone or in combination.
INTRODUCTION
In the central nervous system, lipids represent more than 50% of the brain's dry weight, making the brain second only to adipose tissue with respect to its lipid content [1] . Fatty acids (FAs), the principal constituents of brain lipids [2] , can be synthesized by de-novo lipogenesis in brain cells. Essential FAs however are the exception, and must be provided through the diet. FAs are taken up from circulating blood into the brain through the blood brain barrier (BBB) [3, 4] .
FAs are key components of cellular membranes and precursors for biosynthesis of phospholipids and sphingolipids [4] . FAs play essential roles in signaling and influencing neuronal function [4] . The biological properties of lipid bi-layers depend on their FA composition; correspondingly, FA concentrations are tightly regulated [5] . Additionally, FAs provide an important energy source for cells via mito-20:4u6) and docosahexaenoic (DHA; 22:6u3) fatty acids [1] . In contrast with other organs or plasma, AA and DHA precursors, which are the essential FAs linoleic (18:2u6) and a-linolenic (18:3u3) acids, represent less than 1% of the lipid content of the brain [7] . As previously indicated, essential PUFAs cannot be synthesized by the brain and are derived from the diet, and they are critical mediators of normal brain development and function [8] . Importantly, decrements in dietary consumption of u3-PUFAs and alterations in lipid metabolism are implicated in neuropsychiatric diseases including neurodegenerative diseases [9, 10] such as cognitive decline, Alzheimer's disease and neuroinflammation [11e13] . High concentrations of dietary saturated long chain fatty acids (SatFAs) have also been associated with neurological dysfunction [5] . Unfortunately, diets consumed by westernized civilizations are typically rich in SatFAs and are low in PUFAs [14] . Consumption of westernized diets is associated with the development of obesity, cognitive dysfunction, as well as cancer. Research has focused on understanding lipid and FA metabolism; however, due to the complexity with hundreds of different enzymes, activators, and substrates leading to tens of thousands of different lipid species, a full understanding FA metabolism remains elusive. Not only is little known about the impact of dietary FA consumption on brain lipid uptake and assimilation, but even less is known if there is a sexual dimorphism in lipid processing. What is known is that the prevalence of many diseases associated with the metabolic syndrome and cognitive function differs based on sex [7, 15, 16] . Therefore, it is important to begin to address if the brain varies with respect to uptake and response to dietary FAs. Recently, we reported males and females differ with respect to their metabolic response to a high fat, westernized diet [17, 18] . We further demonstrated that the SatFA content of the brain differs between the sexes, with increased concentrations of SatFAs in the brains of male mice when compared to female mice [17] . Here, we sought to extend our initial findings, and determine in a more comprehensive FA profile analysis of brain and plasma, if there are other sexually dimorphic differences in FAs. To this end, we analyzed age-matched wild-type (WT) male and female mice fed a low fat (chow) or western-style high fat diet (42% of the calories derived from fat, WD) for 16 weeks. Importantly, this type of diet was chosen because it is similar in nutrient composition to the human diet, which based on the latest statistics published by the National Institute of Health, contains approximately 35e40% of the calories derived from SatFas as well as is high in simple sugars [21] . Our data demonstrate there is a sexual dimorphism in brain-FA content both following consumption of the low fat/chow diet as well as following consumption of the WD. Specifically, we found males have an increased percentage of SatFAs and reductions in u6-PUFAs when compared to females. To begin to elucidate how the FA milieu may impact brain inflammation, in vitro experiments were performed and our findings suggest u6-PUFA linoleic acid (18:2u6, LA), which is higher in female brains, has an anti-inflammatory role and reduces palmitic acid (16:0, PA)-induced inflammation.
METHODS

Animals and body weight
Animal care and procedures were approved by the University of Texas Southwestern Medical Center. All the methods were in accordance with the approved guidelines. C57BL/6 mice, purchased from the Jackson Laboratory (The Jackson Laboratory, Bar Harbor, MA, USA) were housed in groups of two to five per cage, in a temperaturecontrolled environment at 22 Ce24 C using a 12-hour light/dark cycle. Mice were fed standard chow (#2916, Harlan-Teklad, Madison, WI), or exposed to 42% WD (#88137, Harlan Teklad) at 8 weeks of age with free access to water. Animals were food restricted for 3 h before sacrifice, which occurred 3 h following the onset of the light phase.
Tissues collection
Brains were collected from mice following cervical dislocation, weighed and quickly frozen in liquid nitrogen and stored at À80 C. Blood was collected from anesthetized mice through eye bleeding and centrifuged twice at 8,000 rpm at 4 C to collect plasma. Plasma aliquots were stored at À80 C.
2.3. Fatty acid analysis 52 different FA isomers were analyzed using pentafluorobenzoyl bromide by GC-ECNI-MS as previously described [19, 20] . Half of each of the brains was homogenized while still frozen in 5 ml of methanol. To avoid lipase activity, which might overestimate the free fatty acid (FFA) fraction, these homogenates were kept on dry ice at all times and processed immediately after homogenization. For the quantification of the total fatty acids (TFAs), samples were hydrolyzed and extracted as previously described [17] . For the FFA quantification samples were directly extracted from the homogenized brain solution by liquideliquid extraction, using a 1:1:2 mixture of MeOH:PBS:isooctane under acidified conditions (25 mM HCL) as described in [20] . For the plasma analysis, 10 ul samples were assayed for the quantification of both TFA and FFA (separately), following the same extraction protocols used for brains. In the analysis of FFAs, no fatty acyl-CoAs or other mono-acyl lipids are measured [19] . were made using the unpaired 2-tailed Student t test. One-way ANOVA was used for comparison of more than 2 groups. p < 0.05 was considered to be statistically significant.
RESULTS
Sexual dimorphism in brain total fatty acid composition
We evaluated the brain FA composition using a comprehensive mass spectrometry FA analysis, which includes a profile for 52 different FA isomers. Two different treatments for each sample were performed to evaluate the different FA pools: (1) total free fatty acids (FFAs) and (2) the pool of free and esterified FAs combined, which is hereafter defined as total FAs (TFAs). Due to the limited amount of sample, it was not possible to isolate brain-specific regions, thus we analyzed the whole brain.
We directly compared age-matched WT male and female animals fed either chow or WD for 16 weeks (Table 1) . Admittedly, this diet is both high in saturated fatty acids and in simple sugars. Importantly, this type of diet was chosen because it is similar in nutrient composition to the human diet, which based on the latest statistics published by the National Institute of Health, contains approximately 35e40% of the calories derived from Sat Fas as well as is high in simple sugars [21] . The body weights of the mice at the time of sacrifice are reported in Table 2 . Importantly, animals of both sexes gained similar amounts of weight following exposure to the WD ( Figure 1) . Additionally, the dry weights of the brains did not differ between groups (Table 2) . Our data suggests there is a sexual dimorphism in the absolute amounts of TFAs in the brains of male and female mice, which represents the sum of all FAs detected, with males having about 30% more TFAs by weight than females ( Figure 2A and Table S2 ). These differences are mainly derived from significantly higher amounts of SatFAs in the male brains on chow and on the WD when compared to the females ( Figure 2A and Figure S1 ), while the female brain is comprised of a higher percentage of PUFAs ( Figure 2B ). (Figure 2A,B) . Specifically, the two main SatFAs, palmitic (16:0) and stearic (18:0) acids, are statistically increased in WD-fed males, while they remain unchanged in females exposed to the same diet ( Figure 2C ), and these differences are independent of weight gain. Only three FAs are significantly increased in the females exposed to the WD (Figure 1A Figure 2C ). DHA, as previously mentioned, is key for normal brain function and is required for fetal brain development, and regulates neuronal gene expression [26] . DHA has been demonstrated to provide an anti-inflammatory and protective role in the brain [22e25, 27, 28] . Interestingly, some studies have reported in plasma from women, the levels of DHA are higher than in men [29, 30] , which is consistent with the data we show here. Another PUFA significantly increased in the WD-female brains is oleic acid (18:1u9), which is also broadly known for its anti-inflammatory role in the brain by preventing PA-induced mitochondrial dysfunction in neurons and inhibiting the activation of the pro-inflammatory Nuclear Factor-k Beta (NF-kB) signaling pathways in neurons and astrocytes [31, 32] . The other PUFAs significantly higher in female brains following WD exposure are AA (20:4u6) and adrenic acid (22:4u6), and these FAs are generally known for their pro-inflammatory functions [11, 12] . Their pro-inflammatory effect is generally associated with their inhibitory role in the conversion of u3-PUFAs into their long-chain forms caused by high intake of u6-PUFAs, thereby decreasing the available amount of anti-inflammatory u3-PUFAs such as a-linoleic acid (18:3u3), eicosapentaenoic acid (20:5u3) and DHA [33, 34] . Surprisingly, despite the increases in AA and adrenic acid, we observed in the female brains following exposure to the WD, the concentration of these anti-inflammatory u3-PUFAs is either unchanged or increased following the WD exposure (Table S2) , suggesting a disconnect with the previous reported literature. However, we have to underline that this is the first time this type of analysis has been performed in the brain of female animals, suggesting that this might be the effect of a sexually dimorphic concentration/activity of proteins involved in the metabolism of these specific lipids. In summary, our results suggest that the brains of females, both under the control/chow fed and under WD fed conditions, are enriched in FAs known for their anti-inflammatory and neuroprotective effects when compared to the male brains on the same diets.
Fatty acid concentration in plasma
FAs are taken up from circulating blood into the central nervous system (CNS); however, there has been a considerable debate about how FAs are actually delivered into the brain. Currently, there are three proposed mechanisms: (1) direct diffusion of the circulating FFAs through the BBB; (2) cleavage of esterified-FAs from lipoproteins by the lipoprotein lipases followed by direct diffusion of cleaved-FAs through the BBB; and (3) translocation of lyso-phosphatidylcholine containing PUFAs mediated by the membrane protein major facilitator super family domain containing 2a (MSFD2a) protein located on the BBB [35] . Therefore, to begin to interrogate the brain lipid composition and to elucidate if it is dependent on the plasma FA concentration, we evaluated the plasma FFAs and TFAs lipid profile. Our data demonstrate plasma FFAs are highly altered by the diet (Table S4) . Specifically, there is an increase in the percentage of SatFAs and a reduction in the percentage of unsaturated fatty acids (UnsatFAs), both MUFAs and PUFAs, following chronic feeding with the WD in both males and females. Additionally, we found on the chow diet, there is a sexual dimorphism in different classes of FFAs with SatFAs being higher in males, while UnsatFAs were significantly higher in the females. These differences were lost following long-term WD exposure, suggesting there is no sexual dimorphism in plasma FAs concentrations following the WD. Females on a WD do have significantly higher levels of u3-PUFAs, specifically 20:5u3 and 22:6u3, both known for their neuroprotective and anti-inflammatory function [28, 36] . Chronic exposure to the WD significantly altered TFAs composition in both the males and females (Table S3 ). The percentage of SatFAs is significantly higher in males following exposure to the WD when compared to females ( Figure 3A,B) . Additionally, for the PUFAs, even though the concentration is similar in both sexes on the chow diet, we found they were significantly reduced in the males fed the WD when compared to the females ( Figure 3A, b) . Importantly, these results do not match the variations in TFAs and thus we might speculate that mechanisms of diffusion and uptake of FAs from the plasma to the brain might not be the only mechanism contributing to CNS FA concentrations. The concentration of PA is significantly higher in males when compared to females, while the amount of oleic acid (18:1u9) and DHA is significantly higher in females ( Figure 3C ), and these findings are consistent with data obtained in humans [30] . Estrogens have been linked to altering these FAs [29] . Our results suggest two different events might occur: 1) the BBB functions differently between male and females. In males, the uptake of plasma SatFAs in higher; whereas the uptake of PUFAs is higher in the females; and/or 2) there is a sexual dimorphism in CNS FA generation and metabolism. Additional studies are required to determine if the uptake and or processing of fatty acids differs by sex.
Linoleic acid reduces palmitic acid-induced inflammation in hypothalamic neurons
Previously, we reported males, and not females, exposed to the WD have a significant increase in markers of inflammation in the CNS [17] . Data presented here suggest that males and females differ with respect to their CNS FA composition. Therefore, to begin to understand how the CNS FA milieu may impact inflammation, we tested if the combination/ratio of differing FAs impacted inflammation. Specifically, we attempted to replicate the ratio of PA to LA found in the female brain in vitro to test the hypothesis that in the presence of LA, there is a reduction in the ability of PA to induce inflammation. To test this, we treated the N43 hypothalamic cell line with either PA alone or in combination with LA. Consistent with previous reports, treatment with PA increases the transcription of pro-inflammatory cytokines [17] , while LA treatment alone does not ( Figure 4A ). Interestingly, pretreatment with LA followed by PA and LA co-treatment significantly reduces PA-induced inflammation ( Figure 4A ). In parallel, we evaluated the FAs profile of the cells to identify correlations between inflammation and FAs metabolism (Table S5) . Interestingly, following the co-treatment, which significantly reduces proinflammatory markers, the FAs profile is significantly enriched in (C) concentration levels (in ng of FA per mL of plasma) of the eight most abundant fatty acids quantified the plasma. All data are presented as mean AE SEM, and *p < 0.05, **p < 0.01, ***p < 0.001. n ¼ 4/group. Statistically significant differences in (B) found between Male Chow and Male WD SatFA***, MUFA***, u3-PUFA*** and u6-PUFA***; between Female Chow and WD SatFA**, u3-PUFA** and u6-PUFA***; between Male WD and F WD SatFA**, u3-PUFA*** and u6-PUFA*. u6-PUFAs, and specifically in 18:2u6 and 20:3u6, suggesting the anti-inflammatory effect of LA derives from the increase in this specific class of PUFAs ( Figure 4 and Table S5 ). Importantly, these data correlate with the in vivo results, and further suggest u6-PUFAs may mediate an anti-inflammatory/protective effect. Additionally, the increased concentration in u6-PUFAs in female brains might explain the reduced inflammatory response that we see in female hypothalami following chronic exposure to the WD [17] .
DISCUSSION
In this study, we performed a comprehensive sexually dimorphic FA profile of the brains and plasma from age-matched male and female mice. We assayed the FA profile of the mice following consumption of either the standard chow diet or following exposure to a WD for 16 weeks. Our data demonstrate the TFAs composition of the brain is sexually dimorphic, with the male brains having 30% more FAs enriched in SatFAs and depleted in PUFAs, specifically u6-PUFAs, when compared to female brains in the chow condition. These differences in SatFAs and u6-PUFAs are even more pronounced following consumption of the WD and appear to be brain-specific, since the plasma did not replicate the sexual dimorphism observed in the brain. Our WD is high in both SatFAs as well as simple sugars, and where our assumptions are that the FAs in the diet are causing the sexually dimorphic FA differences observed, we cannot rule out that the simple sugars might also contribute to our findings.
We went on to demonstrate that the higher levels of SatFAs in combination with lower levels of u6-PUFAs, observed in the brains of male mice exposed to the WD, cause hypothalamic inflammation both in vivo and in vitro [17] , and we further demonstrate u6-PUFAs have a protective effect in vitro, and reduce the pro-inflammatory impact of PA.
Our findings suggest increased brain levels u6-PUFAs may be protective against brain inflammation; whereas previously, it has been reported that u6-PUFAs are pro-inflammatory in the periphery [37e 39]. Consistent with the notion of an anti-inflammatory role of u6-PUFAs in the brain, reduced concentrations of LA have been identified in brains of Alzheimer's disease patients, thus suggesting decreased amounts of LA in the brain might be detrimental [40] . Importantly, what is yet unknown is if changes in brain FA content are causative or a consequence of neuropsychiatric or neurodegenerative diseases. The mechanisms responsible for sexual dimorphism observed for the differing FA concentrations in the brain are unknown. We speculate these differences may be caused by one of the following processes: (1) increased de-novo lipogenesis of SatFAs in the brain of male animals; (2) a slower degradation or turnover of FAs in the brain, which might involve PUFAs in the females or SatFAs in the males; and/or (3) an impaired mechanism of uptake of FAs from the periphery through the BBB, which differs by sex. The de-novo FA biosynthesis pathway, which has been shown to occur in brain areas key in controlling energy balance such the hypothalamus [41] , is comprised of three key enzymes: acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS) and malonyl-CoA decarboxylase (MCD) [42] . However, to date, whether these enzymes are differentially expressed in the brain of male and female rodents or humans is unknown and future studies are needed to address these questions. Unfortunately, the methodologies we used for our FA analysis did not allow us to also probe for FA-CoAs or any other esterified fatty acyl lipid (such as ethanolamines), which are also an important metabolically active pool of lipids and may also be sexually dimorphic. Interestingly, the expression of FA receptors and enzymes involved in FA synthesis and of FA uptake across plasma membranes appears to be sexually dimorphic [43, 44] . In skeletal muscle, proteins such as the fatty acid transporter FAT/CD36, fatty acid binding protein (FABP), and fatty acid transport protein 1 (FATP1), have been shown to be higher in women than in men [43] . Consistently, FABP protein levels have been shown to be higher in livers from female rats, indicating a sex difference in long chain FA utilization in hepatocytes [44] . Additional studies reported higher elongase 6 activity in the liver of female rats, which may contribute to the sexually dimorphic concentrations of SatFAs such as stearic and PA [45] . Another factor that might affect the FA brain concentration is the permeability of the BBB. Previous studies have reported sex differences in BBB integrity in response to different types of challenges [46e48] . As an example, the permeability of the BBB was increased in males, but not in young females following LPS exposure [48] . In the same study, the authors demonstrated that estrogens affect BBB integrity by regulating the expression of tight junction proteins [48] . Where this may be true, in our specific experimental settings, 17-b estradiol plasma levels can not explain the differences in brain FA concentration since they did not differ between the males and females [17] . In addition, it is known that, following WD exposure, the integrity of the BBB is compromised, suggesting this might affect brain FA concentrations [49, 50] . To date, no studies have determined if chronic WD exposure affects the BBB in female rodents or humans. Lastly, where we have focused on the sexual dimorphism in brain lipid composition, we would be remiss not to note that this may be due to differences in absorption or altered gut processing of ingested lipids. Understanding the genesis of the sexual dimorphism is an important next step.
CONCLUSIONS
Our study demonstrates that male and female brains of agematched mice differ in their FA composition even when fed a regular/chow diet. Additionally, when chronically exposed to a WD, the sexual dimorphism continues to exist, specifically in the proportions of SatFAs as well as essential PUFAs. Our data suggest in male brains, there is a significant increase of SatFAs and reductions in u6-PUFAs when compared to female brains. We found no sexual dimorphism in the plasma FA profile, perhaps suggesting a sexual dimorphism in the diffusion, processing, or uptake of plasma FAs into the brains. Our study provides new important insights into sexspecific differences in tissue lipid composition and confirms that basic research and clinical studies need to consider sex as an important variable to be included in analyses. Admittedly, our findings are descriptive, and future research will need to focus on the mechanisms associated with these sex-related differences in brain FA composition. 
